We report on the electrochemical synthesis and direct observation of nanoscale photoluminescence ͑PL͒ of a single strand of poly͑3-butylthiophene͒ ͑P3BT͒ nanowire. -conjugated P3BT nanowires having a diameter of ϳ200 nm were electrochemically synthesized by using 1-butyl-3-methylimidazolium hexafluorophosphate as a dopant, based on Al 2 O 3 nanoporous template. From the UV and visible absorption spectra, the doping and dedoping effects of the P3BT nanowires, through the treatment of HF and NaOH solvents, were investigated. By means of a laser confocal microscope with a high spatial resolution, we clearly observed the variation of light-emitting color and PL intensity in the nanoscale for the single strand of P3BT nanowire with different doping states. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.2909733͔ All rights reserved. Various nanostructures such as nanoparticles, nanowires, nanotubes, and nanoribbons have attracted considerable attention in recent years, and much research has studied the low-dimensional characteristics and applications of the nanotechnologies.
Various nanostructures such as nanoparticles, nanowires, nanotubes, and nanoribbons have attracted considerable attention in recent years, and much research has studied the low-dimensional characteristics and applications of the nanotechnologies.
1-3 -conjugated polymer or molecule nanostructures have also been extensively studied because of their excellent electrical and optical properties originating from the -conjugated structure. -conjugated polymer nanomaterials have been synthesized through an electrochemical, a chemical, or a chemical vapor deposition method, either with or without a nanoporous template. [4] [5] [6] A nanoporous template-based synthesis for the nanomaterials has advantages, for example, a fabrication of well-defined nanoscale tubes or wires, a higher aspect ratio and large surface area, easy control of the chemical and physical properties, etc. 3 Polythiophene ͑PTh͒ and its derivatives, such as poly͑3-alkylthiophene͒ ͑P3AT͒, have been intensively studied because of their environmental stability and potential applications to optoelectronic devices. 7 Poly͑3-butylthiophene͒ ͑P3BT͒, as a family of P3AT materials, has been applied to organic thin-film transistors 8 and organic solar cells. 9, 10 Nanostructures of these polymers can be applied to increase the efficiency of organic-based nanoscale optoelectronics, sensor, and electrochromic devices, etc. [11] [12] [13] [14] In previous studies, we reported on the synthesis and characteristics of the nanotubes and nanowires of PTh, poly͑3-methylthiophene͒, and poly ͑3-hexylthiophene͒.
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We report on the electrochemical synthesis and characteristics including the nanoscale photoluminescence ͑PL͒ of P3BT nanowires. The diameter and length of the P3BT nanowires were ϳ200 nm and ϳ20 m, respectively. It was observed that the doping states and the -‫ء‬ transition peak of the P3BT nanowires varied with the use of organic solvents such as hydrofluoric acid ͑HF͒ or sodium hydroxide ͑NaOH͒ to remove the anodic aluminum oxide ͑Al 2 O 3 ͒ nanoporous template. The formation and structure of the P3BT nanowires were investigated through a scanning electron microscope ͑SEM͒, transmission electron microscope ͑TEM͒, Fourier transform infrared ͑FTIR͒, and UV/visible absorption experiments. The nanoscale PL characteristics for an isolated single strand of the P3BT nanowire was measured by using a laser confocal microscope ͑LCM͒ with a high spatial resolution. From the nanoscale LCM PL experiments, the NaOH-treated P3BT single nanowire strand showed a red color luminescence and had a higher PL intensity compared with that of the HF-treated P3BT one, having a greenish color luminescence. Based on quantum yield ͑⌽ QY ͒ measurements, it was confirmed that a higher ⌽ QY ͑ϳ2.1 times͒ was achieved from the NaOH-treated P3BT nanowires, compared with that observed from the HF-treated P3BT ones.
Experimental
Preparation.-P3BT nanowires were fabricated through electrochemical polymerization methods based on an Al 2 O 3 template. The Al 2 O 3 templates, with a nanopore diameter of ϳ200 nm, were purchased from Whatman Co. The electrolyte consisted of solvent, dopant, and monomers. We used 1-butyl-3-methylimidazolium hexafluorophosphate ͑BMIMPF 6 ͒ as a dopant for the electrochemical polymerization of the 3-butylthiophene ͑3BT͒ monomers. The BMIMPF 6 dopant was an environmentally stable and recyclable ionic liquid which showed a negligible loss of electroactivity. 19 Acetonitrile ͑CH 3 CN͒ was used as the solvent. The 3BT monomers, BMIMPF 6 dopants, and acetonitrile solvents were purchased from Sigma Aldrich Co. and used without further purification. The molar ratio of monomer to dopant used was 5:1. For electrochemical polymerization, gold ͑Au͒ was thermally evaporated onto one side of the Al 2 O 3 template, and attached to the working electrode. The applied current density for the polymerization was 0.6 mA/cm 2 for 20 min. After the synthesis of the P3BT nanowires, a 2 M HF or NaOH solution was used to dissolve only the Al 2 O 3 nanoporous template.
Measurement.-The formation of the P3BT nanowires was visualized by using field-emission scanning electron microscopy ͑JEOL KSM-5200͒ and TEM ͑JEOL, JEM-2010͒. The UV/vis absorption ͑HP-8453͒ and FTIR ͑BOMEN MB-104͒ spectra were measured to analyze the optical and structural properties of the P3BT nanowires, which were homogeneously dispersed in a chloroform ͑CHCl 3 ͒ solution. To compare the solution PL efficiencies of HF or NaOH-treated P3BT nanowires in CHCl 3 solution, the excitation wavelengths for measuring quantum yield ͑⌽ QY ͒ were 400 nm. The ⌽ QY 's were obtained from the equation
where the subscripts ST and X denote the standard sample and the measured nanosample, respectively, grad means the gradient from the plot of integrated fluorescence intensity vs absorbance, and is the refractive index of the solution. Coumarin 307 dissolved in methyl alcohol ͑⌽ QY = 0.89͒ was used as the reference material.
The nanoscale PL images and spectra for an isolated single strand of the P3BT nanowire were measured with a homemade LCM built around an inverted optical microscope ͑Axiovert 200, Zeiss GmbH͒. For the LCM PL experiments of the single strand of P3BT nanowire, the P3BT nanowires were homogeneously dispersed in methanol after removal of the Al 2 O 3 nanoporous template, and then ultrasonicated for ϳ10 s. The dispersed solution of the P3BT nanowires was drop-cast onto a slide glass, and then dried in a vacuum oven ͑below 10 −3 Torr͒ for 30 min at room temperature. The 488 nm line of an unpolarized argon ion laser was used for the LCM PL excitation. The spot size of the laser beam of the LCM was estimated to be ϳ190 nm. The scattered light was collected with the same objective lens and with the excitation laser light filtered out by a long-pass edge filter ͑Semrock͒. Therefore, we could perform the measurements of PL in the nanoscale. The laser power and acquisition time incident on the sample for the LCM PL measurements were fixed at 35 W and 1 s, respectively. More details for the LCM PL experiment were previously reported. 20, 21 Results and Discussion Figure 1a shows a side view of an SEM image of the P3BT nanowires after removing the Al 2 O 3 template. The length of the P3BT nanowires was ϳ20 m. The bottom inset of Fig. 1a shows a top view of the SEM image of the P3BT nanowires. The P3BT nanowires had open ends at the top parts. This result implied that the P3BT nanowires were grown from the inside wall of the Al 2 O 3 nanopores, as the polymerization time and applied current increased, and the inside of the nanotubes filled with wire. A TEM image of the P3BT nanowires is shown in Fig. 1b , where the diameter of the P3BT single nanowire was ϳ200 nm. Figure 2a shows the FTIR spectrum of the HF-treated P3BT nanowires after removing the Al 2 O 3 template. We observed the characteristic vibration peaks of the P3BT structures. Vibration peaks due to a C-S-C ring deformation peak were observed at 590 and 668 cm −1 . The ring stretch vibration peak was observed at 1330 cm −1 and the symmetric stretching vibration peak was observed at 1457 cm −1 . The inset of Fig. 2a shows the butyl chainrelated characteristic peaks of P3BT nanowires. 22 Four characteristic peaks were observed at 2857, 2868, 2927, and 2953 cm −1 , which were assigned to the CH 2 symmetric stretching vibration peak, CH 3 symmetric stretching vibration peak, CH 2 asymmetric stretching vibration peak, and CH 3 asymmetric stretching vibration peak, respectively. 23 Based upon the results of the FTIR experiments, the formation of P3BT material through the electrochemical polymerization was confirmed. 24 Figure 2b shows the Raman spectrum of the HF-treated P3BT nanowires. The Raman characteristic peaks at 1512, 1450, and 721 cm −1 correspond to C v C asymmetric stretching vibration, C v C symmetric stretching vibration, and C-S-C symmetric ring deformation peak, respectively. 25 We confirmed the chemical structure of P3BT material based on the Raman spectrum. Figure 3a compares the normalized UV/vis absorption spectra of the P3BT nanowire samples treated with HF or NaOH solvent at room temperature. The -‫ء‬ transition peaks of the P3BT nanowires treated with HF and NaOH solvents were observed at 393 and 438 nm, respectively. The -‫ء‬ transition peak of the HF-treated P3BT nanowires was blueshifted by ϳ45 nm compared with that of the NaOH-treated P3BT nanowires. 26 A broad bipolaron peak at ϳ816 nm was observed for the HF-treated P3BT nanowires, while that of the NaOH-treated P3BT nanowires disappeared. 27, 28 These observations originate from the light doping and dedoping effect on the P3BT nanowires with the treatment of HF and NaOH solvent, respectively, to remove the Al 2 O 3 nanoporous template. Figure 3b shows the normalized solution PL spectra of the P3BT nanowire samples treated with HF or NaOH solution. The main peaks of the PL spectra of the P3BT nanowires treated with HF and NaOH solvent were observed at 547 and 564 nm, respectively. The main peak of the PL spectra of the HF-treated P3BT nanowires was also blueshifted due to the doping effect, compared with that of the NaOHtreated ones, as shown in Fig. 3b . The inset of Fig. 3b shows the photographs of light emission of the HF and NaOH-treated P3BT nanowires, which were homogeneously dispersed in CHCl 3 solutions. The light-emitting colors of the HF and NaOH-treated P3BT nanowires were greenish and yellowish in an environmental condition, respectively. The nanoscale PL characteristics of an isolated single strand of P3BT nanowire were investigated by means of the LCM PL experiments. As shown in Fig. 4 , we directly observed the PL image from the isolated single strand of both HF and NaOH-treated P3BT nanowires. Using the same experimental conditions of the LCM PL measurements, for example one with the same power ͑37.5 W͒ as an excited laser ͑ ex = 488 nm͒, the two-dimensional PL image of the single strand of the NaOH-treated P3BT nanowire was brighter than that of the HF-treated P3BT ones, as shown in Fig. 4a and b. The intensities of the LCM PL of the single strand of the HF and NaOHtreated P3BT nanowires were measured in units of voltage, as shown in Fig. 4c and d , respectively. The measured voltages of the PL intensity of the HF-treated and NaOH-treated P3BT single nanotube were 20-25 and 45-55 mV, respectively. The LCM PL intensity of the NaOH-treated P3BT single nanowire strand was 1.8-2.8 times higher than that of the HF-treated P3BT one because of the reduction of PL quenching due to the dedoping effect. Figure 5 compares the LCM PL spectra of an isolated single strand of the HF and NaOH-treated P3BT nanowires, which were obtained from the same LCM experimental conditions. The LCM PL spectra of the single strand of the nanowire were measured at five different positions on the same nanowire sample. These measurements were then averaged to obtain the final PL spectra. The maximum LCM PL peaks for the single strand of the HF and NaOH-treated P3BT nanowires were observed at ϳ540 nm ͑green-yellow light emission͒ and ϳ620 nm ͑orange-red light emission͒, respectively. Therefore, direct observations were made of the variation of light-emitting color from the single strand of the P3BT nanowire in the LCM experiments. The peak intensity of the LCM PL spectrum at max Х 620 nm of the single strand of the NaOHtreated P3BT nanowire increased up to a maximum of approximately 2.0 times as compared with that of the HF-treated P3BT ones, as shown in Fig. 5 . The integrated area of the LCM PL spectrum of the NaOH-treated P3BT single nanowire was also ϳ2 times larger than that of the HF-treated P3BT one. We confirmed the enhanced PL intensity and bright light emission of the isolated single strand of NaOH-treated P3BT nanowire due to the dedoping effect. The measured ⌽ QY 's ͑PL efficiency͒ of the HF and NaOH-treated P3BT nanowires were ϳ0.060 and ϳ0.126, respectively. The ⌽ QY 's of the NaOH-treated P3BT nanowires relatively increased compared with that of the HF-treated P3BT ones. From the nanoscale LCM PL experiments, we directly observed the variation of the PL intensity and of the light-emitting color for the isolated single strand of the P3BT nanowire treated with different solvents. 
Conclusions
Light-emitting P3BT nanowires with a diameter of ϳ200 nm were electrochemically synthesized by using BMIMPF 6 as a dopant, based on the Al 2 O 3 nanoporous template. The synthesis of the P3BT material was confirmed through the FTIR and Raman spectra. In the comparison of solution UV/vis absorption and PL spectra, the doping states and light-emitting colors of the P3BT nanowires varied with the treatment of HF or NaOH solvents. From the nanoscale LCM PL experiments for the isolated single strand of the nanowire, direct observations were made of the variation of the light-emitting colors and the PL intensities of the P3BT nanowires depending on the doping states. In the LCM PL results, the light-emitting colors of the single strand of the P3BT nanowire were green-yellow and orange-red depending on the treatment via HF or NaOH solvents, respectively. The LCM PL intensity of the NaOH-treated P3BT single nanowire strand was relatively higher than that of the HFtreated P3BT one because of the dedoping effect. These results were confirmed through the quantum yield measurements.
